The service life of cement-rendered facades is closely related to the environmental conditions that they are exposed to. The probability distribution is determined for the degradation condition of render facades considering different environmental exposures. A sample of 100 render facades was subjected to meticulous fieldwork to determine their condition. The analysis focuses on the environmental factors that most influence the overall degradation of the facades, evaluated through the condition level. Probabilistic models based on Markov chains are developed to predict the evolution of facade deterioration according to exposure to outdoor environmental conditions. The proposed model provides data on the synergy between the degradation agents and the degradation condition of render facades, the average time of permanence in each degradation level and indications of the effect of degradation on the durability of render that may be applied in the implementation and fine tuning of maintenance procedures. Better understanding the durability of render facades allows a more rational management of their maintenance, contributing to a reduction of their life cycle costs. The proposed stochastic model provides information that can be applied in the context of insurance policies, allowing an evaluation of the risk of failure of coatings. 
The service life of cement-rendered facades is closely related to the environmental conditions that they are exposed to. The probability distribution is determined for the degradation condition of render facades considering different environmental exposures. A sample of 100 render facades was subjected to meticulous fieldwork to determine their condition. The analysis focuses on the environmental factors that most influence the overall degradation of the facades, evaluated through the condition level. Probabilistic models based on Markov chains are developed to predict the evolution of facade deterioration according to exposure to outdoor environmental conditions. The proposed model provides data on the synergy between the degradation agents and the degradation condition of render facades, the average time of permanence in each degradation level and indications of the effect of degradation on the durability of render that may be applied in the implementation and fine tuning of maintenance procedures. Better understanding the durability of render facades allows a more rational management of their maintenance, contributing to a reduction of their life cycle costs. The proposed stochastic model provides information that can be applied in the context of insurance policies, allowing an evaluation of the risk of failure of coatings.
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Introduction
The increasing scarcity of funding for the maintenance and rehabilitation of infrastructures requires a more rational approach to decision making, in terms of inspection, maintenance and rehabilitation (Paulo et al., 2013) . To enable this rational approach to maintenance, an efficient evaluation of the service life must be considered, which accounts for the material properties, the environmental conditions of exposure, the workmanship, the service conditions and the maintenance planning (ISO 15686-1:2000) . However, few infrastructures are currently studied in a consistent and rational manner over their entire lifecycle, and decisions are made based mostly on subjective and programmatic criteria (Aikivuori, 1999) .
The environmental conditions that affect buildings are dynamic and undergo changes due to anthropogenic and natural activities, which influences their impact on building elements (Costa et al., 2009 ). The interactions of cementitious material with the environment may jeopardize their durability and service life (Zivica et al., 2012) . Given the variability and complexity degradation phenomena (Silva et al., 2012) , service life analysis cannot be seen as an exact science (BSI 7543, 1992) . In fact, the studies related to life-cycle analysis, condition prediction, and risk assessment involve a large number of uncertainties (Ellingwood, 2005) . These uncertainties are due to two main reasons: the limited ability to predict future events and the intrinsic randomness of natural phenomena (e.g. environmental agents) (Bocchini et al., 2013) .
To overcome the uncertainty associated with current and future performance of a structure or of any building element, it is necessary to follow a probabilistic approach to service life prediction (Frangopol et al., 2004) . Usually, this approach tends to be relatively complex, relying on the assumption that deterioration is a process described by random variables to such an extent that one cannot fully predict the next degradation stage -also referred to as 'condition' -based on the knowledge of the current degradation state of a building element (Moser, 2003) . Therefore, the assessment of the life-cycle performance of a structure or building should be based on probabilistic analysis tools able to model the deterioration process over time (Basso et al., 2013) . This study sets out to evaluate the degradation of external render in a probabilistic framework, based on the visual inspections of the characteristics and condition of 100 facades inspected in Portugal, using Markov chains. Markov chains have been used to statistically represent the degradation phenomena of a manifold of infrastructures and infrastructure components (Handel, 2008) . This stochastic method makes it possible to predict the probabilistic condition over time and to understand, in some detail, how the environmental exposure conditions contribute to the overall degradation of these facades, based on limited historical data. The results obtained provide stakeholders with information on the influence of exposure conditions on the degradation of render facades and thus become a tool for the development and implementation of maintenance strategies adapted to specific environmental contexts.
Background
Claddings can be described as the skin of the structure or a wall, which influence its safety and aesthetics (Flores and de Brito, 2010) . As such, they act as the first layer of protection against environmental agents. Although these elements generally have a shorter service life than the structure, they must retain their characteristics as long as possible throughout the service life of the building and have the potential to be easily repaired or replaced, in order to comply with minimum performance levels (Silva et al., 2011) . Render over a substrate (typically: masonry)
is the most common type of cladding in Portugal, representing 62% of existing solutions (Flores-Colen et al., 2009; INE, 2001) . The predominance of render is, essentially, a result of its low cost and the relative lack of expertise required for its execution, compared to other claddings and coatings (Gaspar and de Brito, 2005) . However, the low investment in this type of cladding often implies unacceptable degradation levels of the facades, due to execution defects or poor maintenance (Freitas et al., 1999) .
Three main groups of defects for modern render can be identified, with different levels of Cracking is a more serious defect than staining. However, by itself, it does not jeopardise the safety or the normal use of a construction and it may even be a natural consequence of the behaviour of the various materials/components of the render (Bonshor and Bonshor, 2001 ). Nevertheless, cracking allows water penetration into the cladding and, sometimes, into the wall or structure, which in turn may lead to salt deposit, freeze-thaw cycles, detachment from the previous render layer or from the wall -or indeed a combination of different degradation mechanisms and defects -that may eventually compromise the functionality and the durability of renders (Hansen et al., 1999) . Finally, loss of adherence is the most serious type of defect. It usually occurs as a consequence of different factors, including the combination of cracking and water penetration as referred to above, leading quite often to spalling and detachment and to the end of the cladding's service life.
The degradation phenomena affecting construction can be defined as a transition process through different condition states (Garavaglia et al., 2004) . There are several methods for assessing the degradation of render facades. A visual inspection usually suffices, since parameters like "type of defects", "condition of defects" and "extent of defects" can be assessed (Straub, 2003; Rodrigues et al., 2013) . In this study, the model proposed is based on a visual survey of the degradation state of 100 current external renders analysed in Portugal. Case studies were randomly selected and assessed provided there was reliable information on the maintenance history of each case, because age (i.e. the length of time since the last overall maintenance action) was the critical variable of the sample. The data on façade degradation collected during field work are combined in an engineering model to define the overall façade condition, from which it is possible to assess the facades' durability. Additional information is also collected (location, architectural working drawings, documentation from Town Halls, and other relevant data) to better understand each case study. This method does not usually require costly equipment, and is often sufficient to determine the degradation state of the elements under inspection (Silva et al., 2011 ranging from the best possible condition to the highest degradation level, and a number of different methods Paciuk, 2004, 2006; Moser, 2004) . In this study, the defects associated to render facades were grouped into five categories, ranging from A (no visually detectable degradation -most favourable situation) to E (highest degradation level), as shown in (Gaspar, 2009) . This degradation index is obtained as the ratio between the extent of the façade degradation -weighted according to the degradation level and the severity of defects -and a reference area, equivalent to the maximum theoretical extent of the degradation for the facade in question (Gaspar and de Brito, 2008b; :
where S is the weighted severity of degradation of the facade (%); A n is the area of coating affected by a defect n; k n is the multiplying factor for defect n, as a function of its condition (between 0 and 4); k a,n is the weighting coefficient corresponding to the relative importance of each defect (k a,n Є R + ) based on the cost of repair of defects; k is the weighting factor equal to the highest degradation level in the façade (4, in the case of render); A is the total area of the cladding. Equation (1) allows the quantification of the overall degradation of the facade, which is then classified according to its overall condition level and related to the qualitative assessment of the facade, from A to E, as shown in Table 1 . In terms of durability, it was considered that level D or S > 20% represents the minimum accepted level of performance and thus stands for the service life limit of the renders studied (Gaspar and de Brito, 2005) , despite the fact that different stakeholders may have distinct minimum reference levels resulting from available funding, type of use or perception of risk, to name but a few aspects.
Markov chains
Within the methods to evaluate stochastically the future condition of the building elements, Markov chains are a special case of Markov processes whose development can be treated as a series of transitions between given states (Morcous and Lounis, 2005) . Markov chains can be used to emulate the evolution of the degradation state of constructions, defining the probability of a future state based only on the present condition, independently of previous deterioration (Parzen, 1962; Neves et al., 2006) . This property of Markov chains is usually called "loss of memory" (Durango-Cohen and Madanat, 2006) .
Concerning the time of transition between states of deterioration, Markov chains can be divided in two common types: discrete and continuous. Discrete chains are useful when transitions can only occur at specific instants. Continuous chains are more appropriate when transitions can occur at any time, as is, in general, the case of deteriorating performance. The uncertainty in the rate of transitions between the states is defined by a transition probability matrix (denoted P) for discrete-time processes and by an intensity matrix (denoted Q) for continuous-time processes (Kallen, 2009) . In this study, only the continuous-time models are analysed. Augenbroe and Park (2002) argue that Markov chain models can describe the randomness associated to building system performance and can therefore be used for systematic decisions regarding replacement of building components. In fact, Markov chains have been successfully applied to various fields of civil engineering, particularly in predicting future condition of bridges (Thompson et al., 1998; Hawk and Small, 1998; Morcous et al., 2003; Robelin and Madanat, 2007; Bocchini et al., 2013) , optimization of maintenance actions (Van Winden and Dekker, 1998; Lounis and Vanier, 2000) , life-cycle assessment analysis (Ortiz-García et al., 2006) and service life prediction of constructions elements (Mc Duling, 2006) . When used to model deterioration processes, it is assumed that, in a given infinitesimal time period, transitions can only occur between one state and the next one. It is also assumed that improvement from one given condition cannot occur (i.e. degradation reversion is impossible), and every observed improvement corresponds to an inspection error or undocumented maintenance action. Under these assumptions, the elements in the intensity matrix Q must respect:
In equation (3) a generic intensity matrix Q is show (Singer, 1981) . 
The transition between states of degradation depends solely on the last recorded state and the transition rate between the current state and future state (given by the matrix Q). Based on the transition rates, the probability of transition between states of condition and the mean probability of permanence in these states can be computed using Chapman-Kolmogorov differential equation (Norris, 1997):
The solution of this system of differential equations is given by (Carrington et al., 2005) :
where ∆t represents the time interval considered.
Thus, it is possible to relate the infinitesimal generator matrix Q with the Markovian transition matrix P (Cox and Miller, 1965; Bladty and Sorensen, 2009 ).
The estimation of the intensity matrix Q can be made by various methods. Optimization procedures are generally regarded as a consistent and accurate methodology to estimate the intensity matrix Q, ensuring the efficiency of the degradation model. The optimization of matrix Q is based on the concept of maximum likelihood described by Lawless (1982) and Kalbfleisch and Lawless (1985) . The likelihood is defined as the predicted probability of occurrence of the observed transitions: where i is the condition state in the initial instant, j is the condition state in the final instant, m is the number of elements, k is the number of intervals between inspections and P ij is the probability of transition from the condition i to condition j.
Currently, a great variety of highly efficient optimization tools are available in commercial software. In this study, the optimization of the infinitesimal generator matrix Q is carried out using the function fmincon (constrained nonlinear optimization) available in MATLAB (Higham and Higham, 2005) .
Probabilistic analysis of degradation of render over time
As shown in Table 1 , the degradation condition of render facades is characterized and classified according to a range of discrete variables from A (no visible degradation) to E (widespread deterioration, requiring an immediate corrective action). In this study, only the initial condition (assuming that at time zero the render is in condition A) and final condition, corresponding to the inspection date, are known. Having defined the scale of degradation of render facades, it is possible to establish a degradation model using Markov chains. With the function fmincon, one proceeds to optimize the intensity matrix (Q), resulting in:
The data in Table 2 allow an evaluation of the efficiency of the Markov chains model. This table shows the number of predicted and observed coatings in each state of degradation. The mean relative error obtained for the estimated number of cases belonging to each degradation condition is relatively low: the mean relative error for all states is 7.55% and all results are lower than 16%. Taking into account all the variability associated with the degradation phenomena it is considered that the model is suitable and able to correctly classify the cases analysed.
After the estimation of the intensity matrix (Q), it is possible to determine the mean time of 
The results show that transitions between condition states of facades occur faster for less deteriorated facades (changes from level A to level B occur in only 2.5 years). Renders remain for a longer period of time in higher degradation levels (conditions C and D). The transition between levels associated with higher degradation states imply the presence of a larger number of defects and/or more hazardous defects, including simultaneous occurrence of defects and synergies between them. Table 3 illustrate the probabilistic distribution of the degradation condition over time, based on the Markov chain presented in equation (7). By default, transition times are exponentially distributed, for it is assumed that the probability of transition between states is constant in time. This is considered an acceptable simplification of a complex reality given the relatively small sample of available data, despite the fact that renders with different ages may have distinct probabilities of transition between states. (However, this concern is beyond the scope of this paper). As expected, the probability of renders being in level A decreases rapidly over time, being lower than 2% at year 10 . The probability of renders being in level B initially increases and reaches a peak at around year 3 (probability of 43.5%) and then steadily decreases as the probability for higher levels of degradation increases. Probability for levels C and D display skewed distribution curves, with rapid increases and peaks at year 10 (P = 51.4%) and year 19 (P = 38.5%) for levels C and D respectively. Finally, the probability of level E steadily increases with age as expected, i.e. it is practically nil before year 9, and above 75% after year 38.
Probabilistic analysis of degradation relative to the exposure conditions
For any given building or structural component, there is a distinct anticipated service life which is directly dependent on its environmental conditions (Cheung and Kyle, 1996) . Facade degradation occurs due to the combined influence of degradation agents such as rain, wind, (Parnham, 1997; Atkinson and Snape, 1999; Chew and Tan, 2003) . Render facades show significant differences in terms of deterioration as a result of the great variability of their exposure to environmental conditions. In this study, the degradation factors considered are: distance from the sea, exposure to dampness, exposure to the combined action to rain and wind, and distance from pollutant sources.
Maritime influence
Maritime environments are particularly damaging to external renders. Wind containing sea spray causes the progressive deposition of salts on the external surfaces of the facades (Hossain et al., 2009 ). These salts can penetrate the mortar, by ionic diffusion, and crystallize inside the material, causing the degradation of its physical structure (Sabbioni et al., 2001) , affecting its durability and reducing the service life of render (Soroka and Carmel, 1987) . Figure 3 shows the mean time of permanence in each degradation state according to distance from the sea. Figure 4 shows the evolution in time of the probability of the coatings belonging to each degradation state. Facades located more than 3.5 km from the sea remain longer in level A, with a probability of 50% of being in level A at year 5. Facades located along the coast (less than 3.5 km from the sea) are more prone to higher degradation levels: such cases change from level A to level B in less than 1 year, and after year 5 the probability of being in level A is practically nil. For facades located on the coast, the probability of being in level B peaks at around year 1 (P = 55.7%), the probability of being in level C peaks at around year 6 (P = 58%) and the probability of being in level D reaches a peak (P = 47%) at around year 16. For facades located off the coast (more than 3.5 km from the sea), these levels are reached significantly later: year 4 for level B (probability of 16.5%), year 14 for level C (P = 52%) and year 16 for level E (probability of 5%).
Exposure to damp
Damp is the main source of defects in buildings worldwide (Lourenço et al., 2006) . Dampness associated with salt leaching can cause aesthetic degradation and/or structural damage to exterior building facades (Rirsch et al., 2011) . The presence of moisture in building's facade can 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Average annual rainfall is relatively low for the cases studied, ranging from 400 mm to 600mm.
Relative humidity is relatively high since all buildings are located less than 20 km from the shore. Thus, a distinction was made between cases located in areas with relative humidity of 70% to 75% and those exposed to values of 75% to 80%, for which the occurrence of corrosion phenomena strongly increases. Three categories were adopted: i) favourable, for situations of buildings located in areas with 400 mm to 500mm of annual rainfall and RH under 75%, without the influence of prevailing winds from sea or rivers; ii) moderate, for facades located in areas with annual rainfall of 500 mm to 600mm and RH under 75%; and iii) unfavourable conditions for renders located in areas with annual rainfall higher than 500 mm and RH higher than 75% or under direct influence of prevailing winds from the sea or from a river front. It should be noted that exposure to damp provides an indication of an expected probability of occurrence of defects, but does not specifically determine which type of degradation mechanism may occur. Defects related to damp and moisture can have a wide range of manifestations, from runoff staining, ascending damp, biological growth, etc. These defects have been independently assessed for each case studied and generically grouped under staining defects.
Figures 5 and 6 show the mean time of permanence in a degradation state and the probability of belonging to a degradation state respectively, according to exposure to damp. Facades with low levels of exposure to damp remain for a longer period in level A, having a maximum probability of belonging to degradation level B of 42% at year 4 while, under a severe exposure, this peak occurs at year 1 approximately, with P = 35.6%, and for moderate exposure it occurs at year 3 approximately, with P = 49.8%. Concerning level C, facades with low damp exposure have a maximum probability of belonging to this degradation level (P = 57.2%) after year 10 while for a moderate exposure this peak is reached at year 8 (P = 34.3%), and for severe exposure at year 3 approximately (P = 76.9%). A similar trend occurs for level D. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Exposure to wind-driven rain
The combined action of wind and rain changes the trajectory of raindrops, the way they impact the surfaces of the facade and the pattern of runoff flow along the facade (Choi, 1999; Gaspar and de Brito, 2008b) . In this study, the criteria adopted in the quantification of driven-rain incidence are associated to the level of protection of the façade, since there is no reliable available weather data at a local scale for the sample studied. The level of protection takes into consideration the height of the building and the density of ground occupation in the surrounding area, according to the parameters defined by Gaspar (2009) protection level (moderate exposure to wind-rain action) are the ones that remain longer in degradation level A (i.e., with no apparent degradation in visual inspections). All renders have a maximum probability of belonging to degradation level B at year 3, but each exposure condition shows a distinct probability: P = 50.4%, 40.3% and 39% for unfavourable, standard and favourable conditions of exposure to driven-rain, respectively. Renderings with current level of protection reach the maximum probability (44.1%) of belonging to degradation level C at around year 8. The corresponding values for renders with poor and good levels of protection are 51.1% and 55.8%, respectively, both at around year 9. Renders with good levels of protection reach the maximum probability of belonging to degradation level D at around year 17 (P=27.9%). Renders with current level of protection reach this peak (P=44.7%) at year 18. The corresponding value for renders with poor level of protection occurs at around year 20 (P=41.6%). These results apparently contradict expectations and are further analysed in the discussion section. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Pollution
Atmospheric pollutants contribute to the physical and visual degradation of materials and building components, especially of materials of porous nature such as render (Kus and Nygren, 2002) . The rain associated with these pollutants is acid and aggressive to building materials, which promotes their deterioration, especially if they are cement-based (Zivica and Bajza, 2001) . In this study three categories concerning exposure to pollutant sources were considered, according to the study of Gaspar (2009) and the probabilistic distribution of the degradation condition as a function of age and exposure to pollutant sources, respectively. In this study, only six case studies have favourable exposure to pollutant sources and none of them presents degradation level E. For that reason, the model computed using Markov chains assumes that it is necessary a long period of time for a render with favourable exposure to pollutant sources to change from level D to level E. Renders with favourable exposure to pollutant sources reach the maximum probability (P = 69%) of belonging to degradation level B after year 2. Renders with unfavourable and normal exposure to pollutant sources have a maximum probability of belonging to degradation level B of 39.7% and 43% respectively, both at around year 3. Renders with normal exposure to pollutant sources reach the maximum probability (P = 54.1%) of belonging to degradation level C at around year 9. The corresponding values for renders with unfavourable and favourable exposure to pollutant sources are P = 42.5% and 56%, respectively, both at around year 8.
Discussion of the results
In this study, Markov chains were used to model the rate of transition between five condition levels of render. The results are also broken down according to the most influential environmental factors and estimate the time after which they will be unable to meet the performance requirements for The sample studied was successfully modelled by Markov chains processes, despite the relatively short sample studied, thus demonstrating the applicability of these methods for durability assessment and service life estimation of building elements. However, the results obtained should be considered cautiously as they may be subjected to distortions due to the sample size. As with all statistical methods, the more data is available, the more accurate the results obtained are, with fewer samplespecific outcomes.
The overall results confirm previous data on the degradation of render, but deal with the uncertainty associated to the action of environmental agents in the durability of the material. In fact, all results thus obtained represent probabilistic distributions rather than deterministic values. Through this method it is possible to conclude that external renders go through the early stages of degradation in only 5 years (conditions A and B) as shown in Figures 1 and 2 . The relatively short time of permanence in levels A and B and the longer periods in levels C and D confirm the results from previous research according to which renders experience a fast initial process of degradation, when early defects become evident and are eventually corrected if they are deemed to be serious, followed by a maturing phase when environmental actions slowly and steadily alter the performance of render, but whose effects become visually apparent only some years after (Gaspar and de Brito, 2005, 2008a) . These results can also be explained by the greater sensitivity of the model to detect early changes in the surface of the render as opposed to the degree of degradation that is required for renders to change between levels C, D and E. Figure 11 shows the mean time of permanence in each degradation state according to the environmental factors analysed. From all factors studied, distance from the sea is the one in which a distinction is more noticeable at early degradation levels. For levels B and C there are no striking overall differences in the results. Finally, for level D -considered to be the limit for service life of render -it is possible to identify the favourable effects of non-polluted environments as renders remain in condition D and do not progress to condition E. Renders on buildings situated off coast Table 4 confirm the empirical perception that distance from the sea directly affects the durability of external render. In fact, renders located less than 3.5 km from the sea show a higher probability of being in the highest degradation levels (P = 56.5% of being in either condition levels D or E). If one considers the mean permanence time of renders in each condition level, as well as the moment when transitions occur between condition states, it is possible to obtain a more direct indication of the effects of environmental agents in their service life. In particular, it is important to analyse the influence of environmental agents in the occurrence of condition D, regarded as the service life threshold beyond which repair work is required. Proximity from the sea also greatly increases the probability of condition D, with a peak before year 15, when compared to cases distant from the sea as shown in Figure 4 . Table 5 presents the probability of belonging to each degradation condition as a function of exposure to damp. Render with low exposure has a higher probability of being in the lowest degradation levels (A and B) P=39.4%. Render with severe exposure has a higher probability of being in degradation levels C and D, P=91%, and has null probability of being in the lowest levels. In fact, defects like dark patches of damp and microorganisms and algae growth are associated with a higher exposure to damp, e.g. higher degradation levels. Damp in render also promotes cracking and stresses in the internal structure of the render induced by dimensional and in more than five years, as compared to renders with average and low damp exposure respectively. These results are coherent and suggest that renders with high exposure to damp are more prone to higher degradation levels and require constant actions of maintenance and repair.
Noteworthy is the fact that exposure to damp does not significantly increase the probability of occurrence of the most severe degradation levels, which seems to confirm previous indications that dampness, especially when connected to staining, does not directly determine the end of durability for render (Gaspar and de Brito, 2008a,b) .
The differences between renders under different exposure to wind-driven rain are significantly lower than observed for the two previous exposures. Table 6 illustrates the probability of belonging to each of the degradation conditions as a function of the level of protection of a facade.
Facades with a poor level of protection have the highest probability of being in degradation level D and a relatively high probability of being in levels C and E. Facades with standard level of protection have similar probabilities of being in all degradation levels, even though this probability is lower for level D. Facades with good level of protection have a high probability of being in degradation level C. These results challenge the perception that higher protection levels lead to lower degradation levels. Additional research was thus required in order to better understand this phenomenon. Figure 12 shows the analysis of the various degradation levels according to both exposure to damp and protection level of the facades. Facades with severe exposure to damp are more prone to have higher levels of degradation when the protection level of the facade is poor. In the sample analysed, facades with good protection level and severe exposure to damp only belong to degradation level C. Facades with low exposure to damp have a higher probability of belonging to lowest levels of degradation (levels A and B). Figure 13 shows the analysis of the various degradation levels according to both distance from the sea and protection level of the facades. Facades located less than 3.5 km from the sea and with poor protection level of the facade have a higher probability (50%) of belonging to degradation level E. Likewise, facades on the coast have a lower probability of belonging to degradation level A, i.e. only facades with current level of protection can be in this degradation level (with a probability of 13%).
Facades located more than 3.5 km from the sea are more prone to be in degradation levels A and B, with a global probability of 37% for facades with poor protection level, 50% for facades with current protection level and 30% for facades with good protection level. It is thus concluded that, although the facade protection level may not have correctly modelled the effects of wind driven rain (it was in fact the only environmental factor that was indirectly assessed), it is proven that lower levels of protection of the façade do enhance the deleterious effects of other environmental factors, while better protection levels delay these degradation effects.
It was assumed that exposure to pollutants is directly related to the proximity to urban roads.
However, distance from pollutant sources, and particularly the most polluted roads of a city, does not necessarily mean a lower exposure to pollutants. In fact, depending on the diffusion and transport of airborne pollutants, even seemingly sheltered streets may suffer the effects of pollution. There are many uncertainties regarding this factor, namely due to the absence of detailed maps concerning the environmental quality of urban air. Table 7 shows the probability of belonging to each degradation condition as a function of exposure to pollutants. The results suggest a clear distinction between the facades in urban areas and in the countryside. Renders with favourable exposure to pollutants have (a) a higher probability of being in degradation levels B and C, P=66.6%, (b) low probability of being in level D (P = 16.7%) and (c) null probability of being in level E. These results suggest that end-of-life conditions are not reached, within the time horizon considered, when pollution is not present. Renders with current and unfavourable exposure to pollutants are more prone to higher degradation levels, and are the most likely to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 However, transition between levels C and D is faster for unfavourable conditions. At year 5, in renderings with unfavourable exposure conditions, degradation level D tends to occur 1 to 2 years earlier and increase at a more rapid rate than in other renderings, which suggests that unfavourable conditions tend to accelerate the degradation process. Table 8 shows the maximum probability of belonging to degradation level D (which marks the end of service life). The overall sample reaches the maximum probability of belonging to level D (38.5%) at year 19. The probability of the renderings being in Level D or E (i.e. unacceptable) reaches 50% at year 14. Concerning distance from the sea, it is found that for coast locations this probability is reached after 10 years, while for interior locations it takes 23 years. Facades with severe exposure to damp reach the probability of 50% of belonging to level D or E at year 10, sooner than facades with low and moderate exposure (this probability is reached after 17 and 11 years, respectively). Facades with good protection level reach the probability of 50% of being in degradation level D or E after 15 years. For facades with poor protection level, this probability is reached after 14 years and for facades with current exposure, this probability is reached after 12 years. This result seemingly contradicts the empirical knowledge, regardless of the fact that it has been shown that the level of protection of the façade has direct influence on the severity of other environmental agents. Concerning exposure to pollutants, in the sample analysed there are no cases with favourable exposure belonging to degradation level E. For unfavourable exposure, the probability of 50% of belonging to level D or E is reached at year 11, while for normal exposure it takes 15 years and for favourable exposure 17 years.
Modelling the end of service

Application of the results to maintenance planning
The probabilistic distribution of condition over time, as shown on Table 3 , can also be interpreted as an assessment of risk of not performing as expected due to degradation. Thus, by establishing the threshold of acceptable risk, a stakeholder may visualize the need for repair based on the probabilistic analysis of a set of data. To illustrate this concept, it can be 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w O n l y 20 considered that "high", "average" and "low" probability of a given condition correspond to "high", "average" and "low" risk associated to the consequences of defects and the cost of repair and thus produce an indication of the urgency to maintenance and repair actions. Low risk (no action required apart from monitoring) is considered to correspond to P>75% of belonging to either condition levels "A" or "B". High risk (a need to undertake extensive repair) is considered to correspond to P>25% of belonging to condition levels "E" and average risk corresponds to the intermediate states. From such interpretation, recommendations could be made in order to i) monitor the render facade until year five; ii) perform light maintenance actions until year 10; iii) perform repair works until year 15; and iv) consider replacement of the render from year 15 onwards, subject to on-site confirmation of its condition.
Discussion and conclusions
This study focuses on a probabilistic analysis of the degradation condition of render facades and its relationship with the most influential environmental factors. In service life prediction it is important to know the rate of transition between degradation states. This assists with predicting the behaviour of the render facades and estimating when will be unable to meet their performance requirements.
Future performance was predicted using Markov chains, which are a stochastic model widely employed in studies concerning the modelling of durability that requires little information in the calibration procedure. However, the application of Markov chains in degradation models has some limitations. The results from this study allow the following main qualitative conclusions: (a) render facades nearer the sea have higher degradation levels, and consequently, a shorter service life by six years i.e. one third of the expected service life; (b) render with high exposure to damp are more prone to higher degradation levels and may experience service life reductions of three to five years; (c) render with current protection level (current exposure to the combined action of rain and wind) offer the best performance; (d) the distinction between cases located in urban areas and in the countryside was clear; but exposure to pollutants seems not to directly affect the durability of external renders (for the sample analysed).
These results confirm that render facades are particularly sensitive to the effects of environmental 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Concerning the environmental conditions, it is found that renders in coastal locations reach the end of their service life after 10 years and renders with unfavourable exposure to pollutants present a probability of 50% of belonging to level D or E at year 11. These values are within the range of results obtained by Shohet and Paciuk (2006) , which reveals that the failure of render due to air pollution occurs after between 11 and 19 years and failure of render due to proximity of a marine environment occurs after between 7 and 13 years.
The presented method,based on Markov chains, is therefore capable of providing indications about a complex phenomenon such as facade degradation. It can provide information on the synergy between the degradation agents and the degradation levels. In particular, it shows a probabilistic distribution of the condition of the render façades over time and as a function of the surrounding environmental characteristics, the average time of permanence in each condition until the transition to the next degradation level and indications of the effect of degradation on the durability of renders that may be applied to maintenance procedures. Such information can help to define -in a rational and technically informed way -a set of maintenance strategies throughout the building life cycle.
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